The occurrence and frequency of outcrossing in homothallic fungal species in nature is an unresolved question. Here we report detection of frequent outcrossing in the homothallic fungus Sclerotinia sclerotiorum. In using multilocus linkage disequilibrium (LD) to infer recombination among microsatellite alleles, high mutation rates confound the estimates of recombination. To distinguish high mutation rates from recombination to infer outcrossing, 8 population samples comprising 268 S. sclerotiorum isolates from widely distributed agricultural fields were genotyped for 12 microsatellite markers, resulting in multiple polymorphic markers on three chromosomes. Each isolate was homokaryotic for the 12 loci. Pairwise LD was estimated using three methods: Fisher's exact test, index of association (I A ) and Hedrick's D 0 . For most of the populations, pairwise LD decayed with increasing physical distance between loci in two of the three chromosomes. Therefore, the observed recombination of alleles cannot be simply attributed to mutation alone. Different recombination rates in various DNA regions (recombination hot/ cold spots) and different evolutionary histories of the populations could explain the observed differences in rates of LD decay among the chromosomes and among populations. The majority of the isolates exhibited mycelial incompatibility, minimizing the possibility of heterokaryon formation and mitotic recombination. Thus, the observed high intrachromosomal recombination is due to meiotic recombination, suggesting frequent outcrossing in these populations, supporting the view that homothallism favors universal compatibility of gametes instead of traditionally believed haploid selfing in S. sclerotiorum. Frequent outcrossing facilitates emergence and spread of new traits such as fungicide resistance, increasing difficulties in managing Sclerotinia diseases.
INTRODUCTION
Fungi, as in many other organisms, can reproduce asexually (hereafter clonally) and sexually. Clonal reproduction in fungi includes production of mitotic propagules such as conidia, vegetative structure like sclerotia and mycelial fragments. In sexual reproduction, fungi can be heterothallic or homothallic. In heterothallic species, syngamy occurs between haploid cells with different alleles at mating type loci. Such regulatory mechanisms prevent haploid selfing and promote outcrossing (Billiard et al., 2012) . In homothallic species, on the other hand, syngamy can occur between genetically identical haploid cells (clones) resulting in same clone mating or haploid selfing (Billiard et al., 2012) . It is often believed that homothalism means predominantly, if not exclusively, haploid selfing because of proximity of compatible gametes from the same haploid individual (Kohn, 1995) . Haploid selfing is functionally equivalent to clonal reproduction and thus haploid selfing populations exhibit a population structure indistinguishable from those of clonal reproduction. In contrast, outcrossing populations have recombining population structure, and recombination is the hallmark of outcrossing sexual reproduction (Tibayrenc et al., 1991; Smith et al., 1993; Milgroom, 1996) . Phylogenetic studies suggest that homothallism evolved from ancient heterothallic species (Billiard et al., 2012) . An unsolved question is whether homothallism has evolved to promote haploid selfing or to ensure universal mating compatibility under outcrossing (Billiard et al., 2012) . Answering this question requires an accurate estimate of outcrossing frequency in natural populations of homothallic species that is rarely investigated (Ló pez-Villavicencio et al., 2013) . However, high mutation rates can yield patterns looking like footprint of recombination. Thus, it is also important to ascertain that the observed recombination is not due to mutation before making an inference about outcrossing.
In addition to the conceptual issue of homothallism, whether a population has clonal or recombining population structure is a fundamental question in fungal biology, and has important implications in medicine, plant pathology and evolutionary biology. Most of the medically important fungi are asexual, resulting in clonal population structures (Taylor et al., 1999b) . However, genetic recombination (or outcrossing sexual reproduction) provides a selective advantage for adaptation to new environments, especially under stressful conditions (Goddard et al., 2005) . Fungal recombination could be sexual or parasexual. Parasexual cycle is a nonsexual process, peculiar to fungi and single-celled organisms, of transferring genetic material without meiosis or the development of sexual structures. It requires formation of heterokaryons through protoplast fusion or mycelial anastomosis. Mycelial anastomosis is possible only between members of the same mycelial compatibility groups (MCGs). Parasexual recombination is relatively rare and limited in nature (Clutterbuck, 1996) , and sexual recombination is considered to be the main source of genotypic variations. Recombination can be detected by studying the linkage disequilibrium (LD) that measures the nonrandom association of alleles among loci. LD has been frequently used to distinguish clonality from outcrossing in microbial population genetics studies (Tibayrenc et al., 1991; Milgroom, 1996) .
The most common LD measures are D 0 and r 2 (Lewontin, 1964; Ardlie et al., 2002) . Hedrick (1987) compared several coefficients of LD and found that D 0 performs better over several other estimates primarily because D 0 is independent of allele frequencies and with no negative values (Hedrick, 1987) . Another measure of LD at a multilocus scale is the index of association (I A ) that has been frequently applied to microbial populations (Smith et al., 1993) . In the I A test, the observed variance of distances (estimated by the number of different loci) between all pairs of individuals is compared with the expected variance of a simulated data set with unlimited recombination. The null hypothesis is complete panmixia and it is tested with randomization of the data set.
Among various molecular marker systems available, microsatellite markers have been the choice of marker systems in many recent population genetics studies because of their ubiquitous existence and the compatibility with high-throughput analysis. I A tests have been used to infer recombination (Taylor et al., 1999a; Bihon et al., 2012; Klaassen et al., 2012) despite high mutation rates of microsatellite loci (Li et al., 2002; Lynch et al., 2008) . However, if the marker system has a high mutation rate, it might confound the inferences of recombination. This has been precisely the situation we found in the Ascomycete Sclerotinia sclerotiorum.
S. sclerotiorum, a plant pathogen of more than 400 plant species, is homothallic (Bolton et al., 2006) . Its genome contains both matingtype idiomorphs (Amselem et al., 2011) and it can reproduce both clonally and sexually. Lacking a conidial state in its life cycle, its clonal reproduction is through mycelial fragments and sclerotia, recalcitrant melanized aggregates of haploid mycelium (Kohn, 1979; Bolton et al., 2006) . Under appropriate (prolonged cool and moist) conditions, single sclerotia can germinate meiotically (carpogenically) possibly through haploid selfing with a transient diploid phase, producing apothecia bearing ascospores that are released through air current (Kohn, 1979; Bolton et al., 2006) . Because of homothallism, the airborne ascospores are thought to propagate clonal genotypes and are functionally equivalent to clonal reproduction (Anderson and Kohn, 1995; Kohn, 1995) . In environments where the prolonged cool and moist conditions are absent, sclerotia can germinate mitotically (myceliogenically), generating new mycelium to initiate a new disease cycle (Bolton et al., 2006) . Earlier population studies of S. sclerotiorum found association of independent traits like DNA fingerprints hybridized with a repetitive DNA sequence probe and mycelial compatibility (anastomosing) groups (MCGs), and widespread distribution of a few haplotypes over time and space, and concluded that S. sclerotiorum had a clonal population structure (Kohli et al., 1992 (Kohli et al., , 1995 Anderson and Kohn, 1995; Hambleton et al., 2002) even when considerable recombinations of alleles were detected (Kohli and Kohn, 1998) . It was believed that the clonal population structure resulted from combination of asexual reproduction of sclerotia and predominantly, if not exclusively, haploid selfing of sexual reproduction (Kohn, 1995) . However, studies using independent microsatellite markers found high genotypic diversity, discordance between multilocus haplotypes and MCGs and random association of alleles, and inferred occurrence of recombination, implicitly outcrossing, in S. sclerotiorum populations in potato fields in Washington State, USA (Atallah et al., 2004) , bean fields in Brazil (Gomes et al., 2011) and canola fields in Australia (Sexton et al., 2006) , Turkey (Mert-Turk et al., 2007) , Iran (Hemmati et al., 2009) , China and United States (Attanayake et al., 2013) . As parasexuality in S. sclerotiorum has been shown only once under laboratory conditions (Ford et al., 1995) , outcrossing is supposed to play a key role in generating recombinant genotypes.
We previously observed random association of alleles between pairs of loci . Close examination found that microsatellite markers located on the same supercontig (physically linked loci) were in linkage equilibrium, suggesting random association of alleles among physically linked loci. Such random association could be either because of crossover between two loci during outcrossing or because of high mutation rates at these loci or both. Ascertainment of the cause has important implications because it may either reinforce or invalidate the previous inference of outcrossing in S. sclerotiorum. This is very important as many recent studies were conducted using microsatellite marker loci that are known to have high mutation rates (Li et al., 2002; Lynch et al., 2008) . Ideally, crossover is best studied in controlled populations with two parents (biallelic systems), and is commonly practiced in quantitative trait locus mapping and linkage mapping in plant and animal breeding experiments, but little has been done in fungi (Christians et al., 2011) . Because of the homothallic nature, techniques for controlled crosses of S. sclerotiorum are not available. Therefore, we chose an approach based on LD and physical distances among markers to test whether crossover events take place in fungal populations, choosing S. sclerotiorum as a model in which outcrossing is cryptic and is only inferred.
The frequency of crossover events is used to estimate recombinational distances as a measure of genetic distances between loci. In a given DNA region, physical distance is proportional to the amount of recombination (via crossover) and inversely proportionate to the LD. In other words, LD would decay with increasing physical distance between markers. Therefore, decay of LD with physical distance is a direct result of meiotic recombination via crossover and is highly unlikely because of mutations alone. Because S. sclerotiorum is haploid and homokaryotic (identical nuclei in multinucleate cells of mycelium; natural heterokaryons have not been found and rigorously proven), the source of variation must have come from outcrossing followed by crossover, and mutations. Sexual reproduction (meiosis) itself may introduce mutations (Ni et al., 2013) but such mutations should be independent of physical distance between loci.
We wanted to assess that homologous recombination events take place in S. sclerotiorum populations and can be detected in some regions of the genome. The first objective of this study was to develop additional microsatellite markers in such a way that at least three markers were on the same chromosome. The second objective was to test pairwise LD between microsatellite marker loci on each chromosome and detect the relationship of LD with the physical distances among markers. The third objective was to see whether the recombination rates differed among different populations.
MATERIALS AND METHODS

Isolate collection and MCGs
A total of 238 isolates of S. sclerotiorum were collected from the United States from the commercial fields of canola, gourd, lentil, pea and potato. Another Detecting outcrossing in S. sclerotiorum RN Attanayake et al 30 isolates were collected from a commercial field of canola in Anhui Province, China (Table 1 and Figure 1 ). Sclerotia were collected from infected plants that were at a minimum of 6 feet (B2 m) apart to avoid collecting clones originating from the same infections. Isolates were obtained from the sclerotia as previously described (Attanayake et al., 2013) and kept at 4 1C for shortterm storage. All the isolates were tested for MCGs by pairing isolates in all possible combinations among isolates from a field (Kohn et al., 1990 ). Each pair was tested at least twice. MCG richness in each field was estimated by G/N where G is the number of MCGs and N is the total number of isolates.
Development of new microsatellite loci located on the same chromosomes of the S. sclerotiorum genome
The genome sequences of S. sclerotiorum (http://www.broadinstitute.org/ annotation/genome/sclerotinia_sclerotiorum/MultiHome.html) were used to develop 12 microsatellite markers with the aid of the software WebSat (Martins et al., 2009) . These new microsatellite markers together with seven existing microsatellite markers developed by Sirjusingh and Kohn (2001) allowed us to use multiple loci on each of four supercontigs (each supercontig on a separate chromosome) for further analysis. Physical location of each marker on a supercontig is determined based on the genome data base. Newly designed primers were tested for PCR amplification and screened for polymorphisms using at least 70 isolates from two fields of S. sclerotiorum. PCR amplification conditions were as previously described . Nucleotide sequences of amplified alleles were determined from both strands using an ABI PRISM 377 automatic sequencer (Applied Biosystems, Foster City, CA, USA) at the Sequencing Core Facility at Washington State University to confirm the presence of tandem repeats. Screening the 19 microsatellite loci identified 12 loci that were polymorphic on the subset of the isolates. These 12 polymorphic loci were used to genotype all of the 268 isolates using an ABI3730xl DNA Analyzer (Applied Biosystems) at the USDA-ARS Western Regional Small Grain Genotyping Laboratory (Pullman, WA, USA) as described in Attanayake et al. (2012) . Briefly, PCR reactions were performed with one of the four fluorophores (Vic, Pet, Ned and 6-Fam) and multiplexed. For fragment analysis, GeneMarker software (SoftGenetics, State College, PA, USA) was used to determine fragment sizes. Each isolate was genotyped at least twice for each locus.
Population structure and isolate grouping
For LD estimations, initially isolates from each field were considered as one population sample. Previous studies showed that isolates collected from the same field at different times were not differentiated (Sexton et al., 2006; Attanayake, 2012) , but isolates collected from different fields showed various levels of genetic differentiation (Attanayake, 2012) . The canola-China and canola-USA population samples were genotypically and phenotypically distinct (Attanayake et al., 2013) . To remove any potential effects of clones on LD decay analysis, isolates of identical haplotypes (presumably clones) were removed so that each haplotype was represented by one isolate (clone correction) before LD analyses. In addition, the effect of any hidden genetic structure on LD analysis was examined. Genetic structure of the isolates was assessed using a posterior probability of Bayesian clustering approach implemented in the software STRUCTURE ver. 2.2 (Pitchard et al., 2000) . The clustering method assigns isolates into K genetic clusters, each characterized by allele frequency data at each locus. Each individual isolate is assigned to one of the K clusters without consideration of its geographic origin. Although not all the markers satisfy the assumption of STRUCTURE because of close linkage of some markers, the loci are on three separate chromosomes and some linked loci are still in linkage equilibrium. A population admixture model was used and each simulation consisted of 100 000 Markov Chain Monte Carlo iterations with a burn-in period of 50 000 iterations. Five independent runs of 1 to 10 clusters (K ¼ 1-10) were performed to estimate the most probable number (K) of genetically homogenous clusters, as determined by the largest estimate of the posterior probability of the data for a given K, using 'Ln P(D)' of the STRUCTURE output (Evanno et al., 2005) . Pairwise LD analyses were then carried out within clusters defined by the STRUCTURE analyses. Isolates that did not belong to a genetic cluster with 450% probability were not included in the analyses.
Detection of LD between loci
LD between loci on each supercontig was calculated using three methods. First, the P-values of Fisher's exact test were used as proxy for LD. The null hypothesis is independent association of alleles or linkage equilibrium. Statistical significance of the LD was tested with Markov Chain algorithm with 1000 iterations as implemented in GenePop (Raymond and Rousset, 1995) for all possible pairs of loci on each supercontig. It is assumed that the smaller the P-value, the greater the evidence for rejecting the null hypothesis, and thus the stronger the linkage.
The second LD measure was Hedrick's D 0 (Hedrick, 1987) that is based on Lewontin's D (Lewontin, 1964 ). Hedrick's D 0 is a normalized multiallelic LD coefficient with properties of independency of allele frequencies and lack of negative values (Hedrick, 1987) . Contingency tables for genotypes of each pair of loci on each supercontig were generated using GenePop and Hedrick's D 0 for the total disequilibrium was estimated as follows Hedrick, 1987 ). An Excel spreadsheet with built-in functions for the calculation of Hedrick's D 0 was developed for this purpose (Supplementary Spreadsheet 1).
The third LD measure was the pairwise LD, the multilocus I A test implemented in Multilocus (Agapow and Burt, 2001) . Multilocus estimates I A , a traditional measure of multilocus LD (Brown et al., 1980) , using the variances of distances generated by the number of different alleles among all pairs of isolates compared with a variance of distances of a hypothetical 
RESULTS
MCG richness
Within each population sample, many isolates were mycelially incompatible. Minimum number of MCGs was 16 in the potato D population sample, whereas the highest number of MCGs was 22 in the pea population sample (Table 1) . MCG richness, measured by the number of MCGs per isolate in each population (G/N), ranged from 0.45 to 0.7 (Table 1) . A caution should be taken in directly comparing the number of MCGs among the population samples because of the unequal sample sizes.
Polymorphism of newly developed microsatellite markers
All the isolates showed single alleles for every microsatellite locus. Of the 19 microsatellite markers, 12 were found to be polymorphic in the initial screening and were selected for further analyses (5 of them were developed in this study and 7 were from Sirjusingh and Kohn, 2001 ). These 12 loci were located on four supercontigs each on a separate chromosome (four on supercontig 9, three each on supercontigs 3 and 19 and two on supercontig 15; Figure 1 and Table 2 ). Number of haplotypes (unique combinations of alleles among all loci) and haplotypes richness of the population samples are shown in Table 1 . The sequences of these five new microsatellite markers were deposited in GenBank (GenBank accession numbers JX181754, JX181755, JX181756, JX181757 and JX181758). Except locus SC9-2, the number of alleles in each locus ranged from four to seven. Sequencing different alleles of each locus confirmed that the differences were because of the number of repeat motifs. However, locus SC9-2 had an unusually large (up to 24) number of alleles, and sequencing the alleles from eight isolates found that the different allele sizes were because of sequence variations within and outside the microsatellite repeats. Consequently, locus SC9-2 was excluded from further analysis, rendering three effective loci on supercontig 9. For supercontig 15, eight newly designed primers were tested and only one (SC15-9) was polymorphic. Primer sequences, nucleotide locations in supercontigs, microsatellite repeat motifs and annealing temperatures for the markers used in this study are shown in Table 2 .
Relationship of the three LD measures Pairwise LD estimates were calculated in three ways: (1) all the isolates in the population samples based on geographic locations, (2) clone correction of the isolate in the geographic population samples and (3) genetic clusters defined by STRUCTURE analysis. In Bayesian clustering using STRUCTURE with K ¼ 1 to 10, the log likelihood values 'Ln P(D)' increased when K values increased from 1 to 7 and plateaued at K ¼ 7. The log likelihood values then declined and its variance increased considerably when K47 (Supplementary Figure S1) , indicating there is strong likelihood of 7 genetic clusters among the 268 isolates. Pairwise LD analyses were then carried out within these seven clusters after clone correction. Two of the seven clusters corresponded with the canola-USA and canola-China Figure S1) . Because the effect of population structure on multiallelic LD analysis is not known, we calculated pairwise LDs based on the genetic clusters defined by STRUCTURE (clone corrected). The results obtained using the three methods were very similar and a decay of LD with increasing distance between loci was observed in each of the isolate-grouping methods. Significant correlations among the three LD measures were found for the markers on supercontigs 3 and 9 (chromosomes 4 and 6; Figure 2 ). D 0 and I A were significantly correlated (r ¼ 0.44, P ¼ 0.02 and r ¼ 0.84, Po0.001 for supercontigs 3 and 9, respectively). A negative correlation was found between D 0 and P-values of Fisher's exact test (r ¼ À0.75, Po0.001 and r ¼ À0.72, Po0.001 for supercontigs 3 and 9, respectively) as well as I A and P-values of Fisher's exact test (r ¼ À0.52, P ¼ 0.005 and r ¼ À0.58, P ¼ 0.002 for supercontigs 3 and 9, respectively). However, for supercontig 19 (chromosome 5), no significant correlations were detected except the negative correlation coefficient between I A and P-values of Fisher's exact test (r ¼ À0.55, P ¼ 0.004). Significant correlations among the three LD measures were also found when data from the three supercontigs were pooled together (Figure 2 ). Detecting outcrossing in S. sclerotiorum RN Attanayake et al Relationship between the P-values of Fisher's exact test of pairwise LD and physical distance Pairwise LD as measured by Fisher's exact tests for each pairs of loci on supercontigs 3, 9 and 19 (chromosomes 4, 5 and 6) were generated. Significance of the exact test and physical distances between markers are shown in Table 3 . Overall, more population samples showed significant LD (low P-values) between pairs of loci close to each other than between pairs of loci further apart on the same supercontig, particularly for supercontigs 3 and 9 (Table 3) . On supercontig 3, the closest pair of loci (56 kb between loci 3A and 3B) showed significant LD in six of the eight population samples (Po0.001), whereas for the loci that were further apart (212 kb between loci 3A and 3C) only two of the eight population samples had significant LD. This relationship showed that P-values (recombination rate) increased as the distance between loci increased (Table 3) . Similarly, on supercontig 9, the closest pair of loci (1000 kb between loci 9B and 9C) showed significant (Po0.001) LD in four of the eight population samples (Table 3) , and pairwise comparisons of loci that were further apart (4000 kb between loci 9A and 9B, and 5000 kb between markers 9A and 9C) showed no significant LD (large P-values) in any of the eight population samples, failing to reject the null hypothesis of random association (Table 3) . Again, a trend of increasing P-values of Fisher's exact test with increasing distance between loci on supercontig 9 was observed in six of the eight population samples (Table 3) .
However, the three loci on supercontig 19 behaved differently. One locus was monomorphic in one population sample (canola-China sample). When a locus has allele frequency ¼ 0 or 1, no disequilibrium can be estimated. The two closest loci (14.2 kb between loci 19B and 19C) showed significant LD in four of the remaining seven populations, whereas the two loci that were furthest apart (261.2 kb between loci 19A and 19C) showed significant LD in only two of the seven populations. A trend of increasing P-values with increasing distance between loci was detected only in two of the seven populations (Table 3) .
Similar trend in increasing P-values of Fisher's exact test with increasing distance between loci was also observed after clone correction (Supplementary Table S1 ). Actually, the trend was enhanced (became more obvious) after clone correction, for example, loci on supercontig 19 in the potato E population sample (Supplementary Table S1 ). Similarly, the same trend was also observed in genetic clusters inferred by STRCUTURE (Supplementary Table S2 ). The Bayesian posterior probability clustering made some loci monomorphic within some clusters and rendered LD calculations impossible, for example, loci on supercontig 9 in the red and blue genetic clusters (Supplementary Table S2) . Similar trend of decreasing D 0 value with increasing distance between loci was also observed on two of the three supercontigs when the isolates were grouped based on Bayesian posterior probability clustering (Supplementary Figure S2) . On supercontig 3, four of the seven clusters showed decreasing D 0 value with increasing distance between loci (Supplementary Figure S2) . On supercontig 9, four loci became monomorphic in two of the seven genetic clusters that rendered LD test inapplicable. Three of the remaining five genetic clusters showed the trend of LD decay (Supplementary Figure S2) . However, only one of the seven genetic clusters showed such a trend in supercontig 19.
DISCUSSION
Whether homothallism has evolved to promote haploid selfing or to favor universal compatibility of gametes is an unresolved question (Billiard et al., 2012) . Answering this question not only allows proper understanding of the evolutionary cause underlying the evolution of homothallism, but also affects choice of approaches to investigate homothallic fungi. Lack of a sound understanding of homothallism has hampered investigations of the important plant pathogen S. sclerotiorum. A view of homothallism promoting haploid selfing has undoubtedly played a role in earlier investigations that concluded that S. sclerotiorum had a clonal genetic structure and was functionally clonal (Kohli et al., 1992 (Kohli et al., , 1995 Anderson and Kohn, 1995; Kohn 1995; Kohli and Kohn, 1998; Hambleton et al., 2002) . However, more recent studies using microsatellite markers in several countries (Atallah et al., 2004; Sexton et al., 2006; Mert-Turk et al., 2007; Hemmati et al., 2009; Gomes et al., 2011; Attanayake et al., 2013) have detected random association, and inferred outcrossing, in S. sclerotiorum. Microsatellite markers are known to have high mutation rates (Li et al., 2002; Lynch et al., 2008) and subject to PCR artifacts, and mutations and PCR artifacts contribute to the observed polymorphisms and may increase estimation bias toward recombination because common statistic analyses of recombination cannot differentiate mutation from recombination. Mutation is inevitable and we need an approach to measure mutation rates relative to recombination. In this study, we used physically linked microsatellite markers to estimate chromosomal scale LD and tested whether LD decays with increasing physical distance between markers. This allows us to detect mutation rates relative to recombination due to crossover at homologous chromosomes. If the observed random association of alleles between linked loci is largely due to random mutation, the measured LD should be independent of physical distance between loci. The concept of LD decay with the physically distant markers (increasing the likelihood of crossover events) is widely applied in linkage mapping in controlled breeding experiments and in association genetics. To our knowledge, this is the first time that the reverse concept of linkage mapping is used in fungal population genetics to infer outcrossing. LD decay with increasing distances between markers detected in this study proves that the observed recombination is due to outcrossing and not mutation. The results provide another line of evidence that S. sclerotiorum, in addition to haploid selfing and clonal sclerotial production, undergoes frequent outcrossing in nature, supporting the view that homothallism has evolved in S. sclerotiorum to favor universal compatibility of gametes (Billiard et al., 2012) .
Syngamy in S. sclerotiorum occurs in or on sclerotia that is haploid and presumably homokaryotic. It is unclear when outcrossing occurs, but it is likely through fertilization with microconidia that have no other known functions (Kohn, 1979) , similar to that found in its sister, heterothallic species S. trifoliorum (Uhm and Fujii, 1983) . Sexton et al. (2006) suggested the possibility of formation of heterokaryotic sclerotia when the disease pressure is high and simultaneous coinfections might occur, producing sclerotia with multiple genotypes facilitating outcrossing. Indeed, outcrossing was observed in forced heterokaryonic sclerotia of S. sclerotiorum (Ford et al., 1995) . Ekins et al. (2006) observed ascospore dimorphism in S. sclerotiorum, reminiscent to the morphological feature found in the heterothallic species S. trifoliorum.
Estimating LD for biallelic systems in populations from controlled crosses has been extensively investigated (Lewontin, 1964; Hedrick, 1987; Ardlie et al., 2002) . However, for multiallelic systems such as microsatellite markers, estimating LD is more complicated and different coefficients have been proposed for measuring the extent of overall disequilibrium among all possible pairs of alleles (Hedrick, 1987; Zhao et al., 2005) . Population structure is thought to affect LD estimate, but the precise effect is not certain (Ardlie et al., 2002; Zhao et al., 2005) . More simulation and empirical studies are needed to assess the effect of population structure on LD estimates. In this study we used two approaches to population grouping for LD estimates: a population grouping based on geography where isolates collected from a field were grouped as a population sample, and a Bayesian posterior probability clustering where isolates were grouped based on allele frequencies regardless of their geographic origin. A clear relationship of LD decay with increasing physical distance between markers was observed when either approach was used (Table 3 and  Figure 3; Supplementary Table S1 and Supplementary Figure S2) , ruling out the possibility that the detected LD decay was because of artificial isolate grouping.
We detected pairwise LD decay with increasing physical distance between loci in several populations on two of the three chromosomes. Potato E population had LD decay for all three chromosomes indicating high recombination rates. Similarly, Conway et al. (1999) observed significant (measured with Fisher's exact test) decline in LD (Lewontin's D) with the increasing distance between nucleotide pairs of the merozoite surface protein 1 antigen (msp1) gene and concluded that meiotic recombination is frequent in certain populations of Plasmodium falciparum. Fungal recombination can be meiotic (sexual), mitotic or parasexual. However, the majority of the isolates were mycelially incompatible, likely minimizing the possibility of heterokaryon formation and mitotic recombination in nature that is rare (Clutterbuck, 1996) . Heterokaryon formation has been reported only in laboratory conditions for S. sclerotiorum (Ford et al., 1995) . All isolates in this study showed single alleles for each and every locus, suggesting the isolates are homokaryotic at least for the loci concerned. Thus, the recombination of alleles of loci on the same chromosomes observed in this study cannot be attributed to mitotic recombination or to mutation alone. Therefore, we conclude that the LD decay is because of outcrossing in this homothallic fungus.
A clear relationship between LD decay and physical distance was detected on chromosomes 4 and 6 for most of the populations, but not on chromosome 5 in which only two out of eight population samples had such a relationship. The DNA region on chromosome 5 covered by the three microsatellite markers could be either a recombination cold or hot spot, or the three microsatellite markers have high mutation rates relative to crossover events. It appears that this DNA region of the chromosome 5 had some level of recombination or high mutation rate, as seven of the eight populations showed linkage equilibrium between markers 19A and 19B (Table 3) . Recombination hot spots have been detected in the human genome (Chakravarti et al., 1984; Ardlie et al., 2002; Arnheim et al., 2003; Jeffreys et al., 2004) , and also found in many other genomes including Cryptococcus spp. (Hsueh et al., 2006) , P. falciparum (Mu et al., 2005) and Schizosaccharomyces pombe (Steiner and Smith, 2005) . In DNA regions of recombination hot spots, crossover occurs frequently and even closely linked loci do not show LD. In addition, the frequent crossover events in the recombination hot spots may interfere with each other, known as interference. Thus, the relationship between LD decay and physical distance cannot be observed in DNA regions of recombination hot spots or in mutation hot spots. In such instances, markers in close proximity may not be in LD (Jeffreys et al., 2004) .
LD decay with increasing marker distance was not observed in every population sample. This could be because of different histories and environmental conditions of the populations (Arnheim et al., 2003) . It is obvious that the crossover rates are influenced by many other factors. The eight agricultural fields have different histories, and have faced different environmental conditions. As an example, pea and lentil fields were nonirrigated in Washington state, whereas potato and gourd fields were frequently irrigated. Canola fields in North Dakota state have severe winters compared with the Columbia Basin in Washington State. Fungicide application is a common practice in canola and potato production systems, whereas fungicides are usually not applied in pea and lentil cropping systems. Thus, a combination of ecological, molecular and evolutionary forces such as mutation events, natural selection, genetic drift, population bottleneck and migration in different populations could explain the lack of linear relationship between LD and the distance on a chromosome in all the populations studied (Jeffreys et al., 2004; Hsueh et al., 2006) . For example, low levels of polymorphisms at certain loci (because of population bottleneck) could reduce the chance of detecting crossover. There are reported recombination activators in other fungal genomes (Hsueh et al., 2006) and similar recombination activators may be in different on and off states in various natural populations of S. sclerotiorum, presenting another possible explanation of the observed differences among the populations.
We also detected different mutation rates in S. sclerotiorum in this study. Locus SC9-2 located on supercontig 9 had unusually high numbers of alleles, indicating a mutation hot spot. Many factors could affect mutation rates of microsatellite loci including sequence composition, repeat unit size, repeat unit purity and copy number. Occurrence of mutation hot spots is a norm for many organisms and has been detected in the human genome (Itsara et al., 2009) . On the other hand, only two polymorphic loci were found among nine different microsatellite markers tested on supercontig 15 ( Table 2 ), indicating that this DNA region is resistant to mutation and could be a mutation cold spot within the S. sclerotiorum genome. Lack of mutations indicate strong selection pressure, suggesting highly conserved and likely critical functions of this DNA region for S. sclerotiorum.
In this study we applied LD decay, a method widely used in association genetics and linkage mapping in controlled breeding experiments, to detect cryptic sexual outcrossing in a homothallic fungal species. LD decay analysis is robust in allowing detection of mutation rate relative to crossover under outcrossing that cannot be accomplished in I A analyses. In addition, we found that the three measures of multiallelic pairwise LD (Hedrick's D 0 , I A and Fisher's exact test) were correlated. Measuring pairwise LD in multiallelic situations has been problematic and a subject of several studies (see Zhao et al., 2005) . This study also provides baseline information about recombination cold spots and hot spots in S. sclerotiorum genome. Mutation cold spots could suggest critical functions of the DNA region. Finally, we provide strong evidence of frequent outcrossing in the homothallic species S. sclerotiorum, supporting the view that homothallism has evolved to ensure universal mating-type compatibility under outcrossing (Billiard et al., 2012) .
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